L-Rhamnose is a common component of cell-wall polysaccharides, glycoproteins and some natural products in bacteria and plants, but is rare in fungi and animals. In the present study, we identify and characterize a biosynthetic pathway for dTDPrhamnose in Caenorhabditis elegans that is highly conserved across nematode species. We show that RML-1 activates glucose 1-phosphate (Glc-1-P) in the presence of either dTTP or UTP to yield dTDP-glucose or UDP-glucose, respectively. RML-2 is a dTDP-glucose 4,6-dehydratase, converting dTDP-glucose into dTDP-4-keto-6-deoxyglucose. Using mass spectrometry and NMR spectroscopy, we demonstrate that coincubation of dTDP-4-keto-6-deoxyglucose with RML-3 (3,5-epimerase) and RML-4 (4-keto-reductase) produces dTDP-rhamnose. RML-4 could only be expressed and purified in an active form through co-expression with a co-regulated protein, RML-5, which forms a complex with RML-4. Analysis of the sugar nucleotide pool in C. elegans established the presence of dTDP-rhamnose in vivo. Targeting the expression of the rhamnose biosynthetic genes by RNAi resulted in significant reductions in dTDP-rhamnose, but had no effect on the biosynthesis of a closely related sugar, ascarylose, found in the ascaroside pheromones. Therefore, the rhamnose and ascarylose biosynthetic pathways are distinct. We also show that transcriptional reporters for the rhamnose biosynthetic genes are expressed highly in the embryo, in the hypodermis during molting cycles and in the hypodermal seam cells specifically before the molt to the stress-resistant dauer larval stage. These expression patterns suggest that rhamnose biosynthesis may play an important role in hypodermal development or the production of the cuticle or surface coat during molting.
INTRODUCTION
The 3-deoxysugar L-rhamnose is commonly found in polysaccharide and glycoprotein components of the cell wall of bacteria and plants, as well as in various natural products, but is rarely found in fungi and animals [1] . In bacteria, L-rhamnose is a constituent of several types of O-antigens, which often are covalently linked to lipopolysaccharides in the outer leaflet of the outer cell membrane. These O-antigens are associated with bacterial virulence and facilitate bacterial evasion of immune system defences [2] . In plants, L-rhamnose is a key sugar found in rhamnogalacturanan I and II, which are primary constituents of the pectins, complex polysaccharides in the plant cell wall [3, 4] . L-Rhamnose is also often found in some O-linked glycoproteins in the plant cell wall that influence growth, morphogenesis and responses to various stresses [5] . L-Rhamnose is also part of many natural plant compounds, including flavonoids, terpenoids and saponins. Recently, L-rhamnose was found to be a component of a phosphoglycan from trypanosomes [6] .
In bacteria and plants, the biosynthesis of UDP/dTDPrhamnose from glucose 1-phosphate (Glc-1-P) is well characterized and is usually accomplished in a few steps: the formation of UDP/dTDP-glucose, followed by a 4,6-dehydration to produce UDP/dTDP-4-keto-6-deoxyglucose, followed by 3,5-epimerization and 4-keto-reduction to form UDP/dTDPrhamnose [1, [7] [8] [9] . In Escherichia coli, the pathway converts dTDP-glucose (dTDP-Glc) into dTDP-rhamnose, and the four steps in the pathway are catalyzed by four separate enzymes (RmlA-RmlD) [10] [11] [12] [13] [14] [15] [16] . Conversely, in plants, the pathway converts UDP-glucose (UDP-Glc) into UDP-rhamnose, and the last three steps in the pathway are catalyzed by a single polypeptide, encoded by the RHM gene family, with dehydratase, epimerase and reductase activities [17] .
In Caenorhabditis elegans and other nematodes, O-and Nlinked glycoproteins and glycolipids have been shown to play important roles in embryonic and larval development and in mediating interactions with pathogens [18] . The outer surface of C. elegans is covered by a protective cuticle, which is secreted by an underlying layer of epithelial cells, including the hypodermis and seam cells [19] . Glycoproteins are present in the cuticle matrix and are also secreted, coating the outer surface of the cuticle. Glycolipids are also present in this surface coat. After hatching from an egg, C. elegans proceeds through four larval stages (L1-L4) to the adult, but will enter a stress-resistant alternative L3 larval stage (the 'dauer' stage) under conditions of high population density and low food [20] . At each larval stage during development, a new stage-specific cuticle is made, resulting in changes in surface coat glycoproteins and glycolipids. Mutations that interfere with the production of glycoproteins and glycolipids in C. elegans are associated, for example, with abnormal surface epitope expression (Srf, surf ace antigenicity abnormal phenotype) and pathogen resistance (Bus, bacterially unswollen) [21, 22] . To our knowledge, rhamnose has not been detected in the C. elegans cuticle. It has been claimed that a single Abbreviations: ADP, adenosine 5 -diphosphate; CDP, cytosine 5 -diphosphate; dTDP, 2 -deoxythymidine 5 -diphosphate; dTDP-Glc, dTDP-glucose; GDP, guanosine 5 -diphosphate; GDP-Fuc, GDP-fucose; GDP-Man, GDP-mannose; Glc-1-P, glucose 1-phosphate; IPTG, isopropyl β-D-1-thiogalactopyranoside; Man-1-P, mannose 1-phosphate; MCS, multiple cloning site; MESG, 2-amino-6-mercapto-7-methylpurine ribonucleoside; NGM, nematode growth medium; RBL, rhamnose-binding lectin; SDR, short-chain dehydrogenase/reductase; SIM, selected ion monitoring; TEAA, triethylammonium acetate; UDP-Gal, UDP-galactose; UDP-Glc, UDP-glucose; UDP-GlcNAc, UDP-N-acetyl-glucosamine. 1 To whom correspondence should be addressed (email butcher@chem.ufl.edu).
glycoprotein extracted from the surface of the parasitic nematode Ascaridia galli contained rhamnose [23] . However, direct mass spectrometric proof of rhamnose in a nematode macromolecule is yet to be published. During embryonic and larval development in C. elegans, glycoproteins have been shown to be critical for cell migration and patterning. For example, the latrophilin receptor homolog lat-1 is essential for the establishment of tissue polarity and the alignment of cell division planes in the developing C. elegans embryo [24] . Latrophilin receptors all contain a highly conserved RBL (rhamnose-binding lectin) domain. The lat-1 RBL domain plays an essential role, since rescue of the embryonic lethality of lat-1 mutant with a lat-1 transgene requires the presence of the RBL domain in the transgene. However, it has been reported that rhamnose-binding activity for the lat-1 RBL domain could not be detected [24] . Thus, it is unclear whether this domain binds to specific carbohydrates of glycoproteins and whether this binding is necessary for the lat-1 receptor to mediate cell-cell interactions.
Although our analysis has shown that homologs of bacterial and plant rhamnose biosynthetic genes are present in most nematode species, rhamnose biosynthesis has not been studied in nematodes.
In the present study, we demonstrate the in vitro activity of rhamnose biosynthetic genes from C. elegans and show that these genes are required for dTDP-rhamnose biosynthesis in vivo. RML-1 is a UTP/dTTP-glucose-1-phosphate uridylyl/thymidylyl transferase, RML-2 is a dTDP-glucose 4,6-dehydratase, RML-3 is a 3,5-epimerase, RML-4 is a 4-keto-reductase and RML-5 is an RML-4-associated protein that is necessary for RML-4 expression and/or activity. We show that transcriptional reporters for the rhamnose biosynthetic genes are expressed in the embryo, in the hypodermis during larval molting cycles, and in the hypodermal seam cells, specifically in recovered L1 larvae and in pre-dauers. These expression patterns suggest that rhamnose biosynthesis may play a role in molting or the production of the cuticle or surface coat at specific molts. Rhamnose is not thought to be made by humans, since neither rhamnose nor the rhamnose biosynthetic pathway has been found in humans. Thus, given that RML-4 and RML-5 are essential for embryonic and larval development and do not have close human homologs, they could potentially be investigated as targets for novel anthelmintics.
EXPERIMENTAL

Phylogenetic tree analysis
The protein sequences of RML-1-5 and its homologs in both free-living and parasitic nematode species were retrieved from Wormbase. MEGA6.0 was used to generate the neighbor-joining tree [25] .
RNAi
RNAi was carried out by feeding bacteria expressing doublestranded RNA as described in [26] with modifications. Briefly, nematode growth medium (NGM) agar plates with 25 mg/l carbenicillin and 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) in 6 cm dishes were prepared and left at room temperature for 4-7 days before use. Bacteria carrying appropriate RNAi clones were grown in 5 ml of LB containing 150 mg/l ampicillin at 225 rev./min, 37
• C, for 6-10 h, and 200 μl of bacterial culture was transferred to each plate. The plates were left at room temperature overnight to let the bacterial lawn dry. Twenty L4 rrf-3 worms were moved on to each plate, allowed to lay eggs for 24 h and then removed. Worms were cultivated at 20
• C for 3 days, and phenotypes were examined.
Construction of plasmids for protein expression
All genes were amplified by PCR using Pfu polymerase (New England Biolabs) from a C. elegans cDNA library. gmp-1 (C42C1.5), ugp-1 (D1005.2), rml-1 (K08E3.5), rml-2 (F53B1.4) and rml-3 (C14F11.6) genes were inserted into the pET-30a vector separately such that they could be expressed with an Nterminal His tag. For co-expression of RML-4 (C01F1.3) and RML-5 (Y71G12B.6), rml-4 was inserted into multiple cloning site (MCS) 1 of pACYC-Duet1 with an N-terminal His tag, and rml-5 was inserted into MCS2 of pACYC-Duet1 without any tag. All primers used in the present study are listed and restriction sites underlined in Supplementary Table S1 . All gene sequences were confirmed by sequencing. Constructed plasmids containing gmp-1, ugp-1, rml-1, rml-2, rml-3 or rml-4/rml-5 were transformed into E. coli BL21(DE3) cells (New England Biolabs) independently for expression. rml-5 (N-terminal His tag) in pET-28a and rml-4 (no tag) in MCS2 of pACYC-Duet1 or rml-4 (N-terminal His tag) in pET-28a and rml-5 (no tag) in MCS2 of pACYC-Duet1, were also co-transformed into BL21(DE3) cells.
Protein expression and purification
Cells transformed with pET-30a-gmp-1, ugp-1, rml-1, rml-2 or rml-3 were grown in LB broth under appropriate antibiotic selection at 37
• C to D 600 0.6-0.8, protein expression was induced with 0.2 mM IPTG, and cells were grown at 20
• C for 20 h. For co-expression of rml-4 and rml-5, cells transformed with pACYC-Duet1-rml-4/rml-5 or co-transformed with two plasmids were grown in LB broth under appropriate antibiotic selection, protein expression was induced with 0.1 mM IPTG, and cells were grown at 16
• C for 20 h. All purification steps were carried out at 4
• C. Briefly, cells were collected by centrifugation at 6084 g for 10 min, and resuspended in lysis buffer (20 mM Tris/HCl and 500 mM NaCl, pH 7.5). The cells were then lysed by microfluidizer three times and centrifuged at 38 828 g for 20 min. The supernatant was incubated with 1 ml of pre-equilibrated nickel resin (Thermo Scientific) for 1 h by shaking on ice. The resin was washed with 15 ml of lysis buffer, 15 ml of washing buffer (20 mM Tris/HCl, 500 mM NaCl and 20 mM imidazole, pH 7.5) and eluted with buffer containing 250 mM imidazole. The eluted sample was concentrated and loaded on to an FPLC column connected to a Superdex 200 gel-filtration column (GE Healthcare) with buffer (20 mM Tris/HCl and 100 mM NaCl, pH 7.5). Protein concentration was determined by using Quick Start TM Dye reagent (Bio-Rad Laboratories) with 2 mg/ml bovine serum albumin used as a standard. Purified proteins were flashfrozen in 10 % glycerol and stored at − 80
• C.
Pyrophosphorylase activity assay and kinetic studies
The pyrophosphorylase activities of GMP-1, UGP-1 and RML-1 were measured using a spectrophotometric pyrophosphate assay, according to the manufacturer's method for the EnzChek pyrophosphate assay kit (Invitrogen). The standard reaction (100 μl total volume) contained 0.25 mM 2-amino-6-mercapto-7-methylpurine ribonucleoside (MESG) (Santa Cruz Biotechnology), 1 mM sugar 1-phosphate [Glc-1-P or Man-1-P (mannose 1-phosphate)], 1 mM NTP (ATP, GTP, CTP, dTTP or UTP), 0.1 unit of purine nucleoside phosphorylase and 0.04 unit of inorganic pyrophosphorylase in 50 mM Tris/HCl, 5 mM MgCl 2 and 1 mM DTT, pH 7.5. Reactions were pre-incubated for at least 10 min to remove the background phosphate and initiated by adding 2 μM purified enzyme. Reactions were carried out at 25 • C and monitored using the absorbance at 360 nm on an Agilent 8453 UV/VIS spectrophotometer. The initial rate (AU/s) was measured over the first 5 min. To confirm the formation of a particular NDP-sugar during reactions, LC-MS was used to detect the relevant ion (ADP-Glc, m/z 588; dTDP-Glc, m/z 563; GDP-Glc, m/z 604; CDP-Glc, m/z 564; UDP-Glc, m/z 565; GDP-Man, m/z 604). For kinetics, reactions contained 1 mM sugar 1-phosphate (Glc-1-P or Man-1-P) with various concentrations of NTP (GTP, dTTP or UTP) or 1 mM NTP (GTP, dTTP or UTP) with various concentrations of sugar 1-phosphate (Glc-1-P or Man-1-P), as well as 0.25 mM MESG, 0.1 unit of purine nucleoside phosphorylase, 0.04 unit of inorganic pyrophosphorylase (in 50 mM Tris/HCl, 5 mM MgCl 2 and 1 mM DTT, pH 7.5) and 4-5 μg of recombinant enzyme. The concentration of the product pyrophosphate was calculated based on a calibration curve made using pyrophosphate (Invitrogen) as a standard. K m and k cat were calculated by fitting each data set to the Michaelis-Menten algorithm in GraphPad Prism software, and the S.D. of k cat /K m was calculated using the Fenner formula [27] .
Dehydratase activity assay
Dehydratase activity was measured by detecting the product NDP-4-keto-6-deoxyglucose, which has a characteristic absorbance at 320 nm under alkaline conditions [28] . First, all substrate NDPsugars were generated by the pyrophosphorylase reaction, the reaction mixtures were divided into aliquots, and NAD + (0.5 mM) was added. Then, reactions were initiated by adding RML-2 (2 μM final concentration) and incubating at 25
• C for 60 min. Heat-treated samples were cooled on ice and centrifuged for 10 min at 15 871 g. The supernatant was made alkaline (0.1 M sodium hydroxide final concentration in 100 μl total volume) and incubated at 37
• C for 20 min before measuring absorbance. Negative controls were carried out in the absence of enzyme.
Reductase activity assay
The substrate dTDP-4-keto-6-deoxyglucose was produced through the overnight reaction of RML-2 (2 μM) with dTDPGlc (1 mM) and NAD + (0.5 mM) and the reaction mixture was then incubated with RML-3 and/or RML-4-RML-5 (2 μM) in the presence of NAD(P)H (1 mM). Negative controls were performed without RML-2 or NAD(P)H. Substrate UDP-Glc (1 mM) was incubated with RML-2 and/or RML-3 and/or RML-4-RML-5 (2 μM) in the presence of NAD + (0.5 mM) and NAD(P)H (1 mM). A negative control was performed without any enzymes or NAD(P)H. Reactions were carried out at 25
• C for 30 min, monitoring the absorbance at 370 nm, which indicated the consumption of NAD(P)H [29, 30] .
Sequence alignment, structural modeling and superposition
Amino acid sequence alignment of RML-3 with E. coli RmlC (GenBank accession number AFC91454) was completed by using ClustalW. Modeling of the RML-4 structure was achieved via Robetta [31] . Streptococcus suis RmlB without substrate bound (PDB code 1OC2) and EcRmlD (PDB code 1KBZ) were used as the templates for RML-4 N-terminal (amino acids 1-344) and C-terminal domain (amino acids 345-631) modeling. Superposition of the RML-4 structure model with dTDP-Glcbound SsRmlB (PDB code 1KER) was done using PyMol (http://www.pymol.org).
Mass spectrometry of reaction products
Products of all reactions were analyzed by LC-MS using a Luna 5 μm C 18 (2) column (100 mm × 4.6 mm; Phenomenex) coupled to an Agilent 6130 single quad mass spectrometer operating in negative scan mode. A solvent gradient was used: 95 % buffer A, 5 % buffer B, 0 min; 80 % buffer A, 20 % buffer B, 5 min; 0 % buffer A, 100 % buffer B, 10 min; 100 % buffer A, 0 % buffer B, 15 min (buffer A, water with 0.1 % formic acid; buffer B, acetonitrile with 0.1 % formic acid). The flow rate was 0.7 ml/min.
HPLC purification of reaction products
Reaction mixtures were boiled, cooled on ice and centrifuged. The supernatants were analyzed using SphereClone 5 μm SAX HPLC column (250 mm × 4.6 mm; Phenomenex). The column was pre-equilibrated with 30 mM KH 2 PO 4 , pH 4.33. For each run, 100 μl of sample was injected and eluted using buffer (30 mM potassium phosphate buffer, pH 4.33) over 30 min at a flow rate of 1 ml/min. NDP-sugars were detected based on their A 254 values. The retention times for dTDP-Glc, dTDP-rhamnose, UDP-Glc and UDP-rhamnose were 14.8 min, 16.4 min, 12.4 min and 13.9 min, respectively.
NMR spectrometry of reaction products
Overnight reaction mixtures (1 ml) were HPLC-purified to produce dTDP-Glc (∼500 μg), UDP-Glc (∼500 μg), dTDPrhamnose (∼400 μg) and UDP-rhamnose (∼300 μg). Products were lyophilized, dissolved in 99.9 % 2 H 2 O (Cambridge Isotopes) and analyzed by water-suppressed 1 H and COSY NMR spectroscopy on a Bruker Advance II 600 MHz NMR spectrometer, equipped with a 5 mm TXI cryoprobe. Chemical shifts of spectra are expressed in p.p.m. referenced to the internal water (4.800 p.p.m.). NMR data were processed using MestReNova software.
Sugar nucleotide analysis
For extraction of sugar nucleotides, we adapted a previously published method [32] . Wild-type worms were cultured in 150 ml of the axenic semi-defined medium CeHR [33] for 7 days. Alternatively, rrf-3 worms were cultured in S medium (150 ml) with IPTG-induced RNAi strains, including L4440 (control), rml-2 or rml-3, for 9 days. All worms were collected and washed with M9 buffer three times over 3 h to allow the worms to eliminate waste from their digestive track. Worm samples were then frozen using liquid nitrogen, lyophilized, ground with sand and a mortar and pestle and dissolved with 15 ml of 80 % ethanol in M9 buffer. Sugar nucleotides were extracted by vortex-mixing, sonicating for 10 min and shaking for another 3 h. Samples were then centrifuged at 2671 g for 10 min and then at 38 828 g for 25 min. The supernatants were filtered through a 0.22 μm filter, dried using a SpeedVac, resuspended in 100 μl of 20 mM triethylammonium acetate (TEAA) buffer, pH 6.0, and centrifuged at 21 130 g for 10 min. The resulting crude sugar nucleotide samples were stored at − 80
• C before analysis by LC-MS, LC-MS/MS and LC-MS/MS/MS. Sugar nucleotide standards UDP-Glc, UDP-galactose (UDP-Gal), UDP-N-acetyl-glucosamine (UDP-GlcNAc) and GDP-mannose (GDP-Man) were purchased from Sigma. UDP-rhamnose, dTDPGlc and dTDP-rhamnose were enzymatically synthesized and purified as described above. LC-MS analysis was performed as described above, but with a different solvent gradient: 100 % buffer A, 0 % buffer B, 0 min; 100 % buffer A, 0 % buffer B, 15 min; 50 % buffer A, 50 % buffer B, 35 min; 0 % buffer A, 100 % buffer B, 42 min; 100 % buffer A, 0 % buffer B, 44 min; 100 % buffer A, 0 % buffer B, 49 min (buffer A, 20 mM TEAA buffer, pH 6.0; buffer B, 4 % acetonitrile in 20 mM TEAA buffer, pH 6.0) [34] . The flow rate was 1 ml/min. At least three independent experiments were performed for each worm strain to determine the relative amount of each sugar nucleotide. LC-MS/MS and LC-MS/MS/MS were run on a Thermo Scientific LCQ Deca Ion Trap instrument coupled with a Hypersil Gold aQ C 18 column (150 mm × 2.1 mm; particle size 3 μm; Thermo Scientific) with the same solvent gradient as the LC-MS above, but with a lower flow rate of 0. 
Ascaroside analysis
Ascaroside production was analyzed using a previously published method [35] . At least three independent experiments were conducted for each assay.
Plasmid construction, transgenesis and microscopy
∼2 kb of the rml-2 or rml-4 promoter was amplified by PCR from C. elegans genomic DNA using the primers listed in Supplementary Table S1 • C. Worms expressing the fluorescent reporters (n = 25) were selected and moved on to a new NGM plate with OP50 at 22.5
• C, and the time course was initiated. GFP expression was recorded every 2 h on a Zeiss Axiovert.A1 microscope equipped with a ZEN lite 2012 camera. For examination of gene expression in pre-dauers and dauers, dauer formation was induced as described in [37] . Dauers were examined 64-72 h after egg laying, and pre-dauers were examined 40-64 h after egg laying. [63, 64] (the present study); extended lifespan [65] ; larval arrest [63] (the present study); slow growth [64] ; transgene subcellular localization variant [66] gmp-1 (C42C1.5)
Adult lethal [64] ; embryonic lethal [64] (the present study); larval arrest [67] (the present study); larval lethal [64] ; maternal sterile [63] 
Bordering at edges of RNAi bacterial lawns (the present study) rml-4 (C01F1. 3) Early larval arrest [68] ; egg-laying variant [63] ; larval arrest [67] (the present study); larval lethal [67] ; lethal [69] ; locomotion variant [67] ; embryonic lethal (the present study) rml-5 (Y71G12B.6) Embryonic lethal [68] RESULTS
BLAST analysis and observed phenotypes for genes
To investigate whether a rhamnose biosynthetic pathway is present in C. elegans, we used BLAST analysis. We first identified three possible NDP-sugar pyrophosphorylases, rml-1 (K08E3.5), gmp-1 (C42C1.5) and ugp-1 (D1005.2), which usually catalyze the conjugation of Glc-1-P or Man-1-P to NTP to give NDP-Glc or NDP-Man, respectively. Of these three genes, rml-1 and gmp-1 are essential in embryogenesis and larval development based on observed phenotypes in RNAi experiments or in mutants [38] ( Table 1) . For the additional steps in NDP-rhamnose biosynthesis, RmlB, RmlC and RmlD from E. coli [39] and RHM2 and UER1 from Arabidopsis thaliana [17] were used to obtain putative 4,6-dehydratase, 3,5-epimerase and 4-keto-reductase homologs in C. elegans, rml-2 (F53B1.4), rml-3 (C14F11.6) and rml-4 (C01F1.3), respectively. Whereas RNAi against rml-2 and rml-3 does not affect embryonic or larval development, rml-4 RNAi or gene deletion causes lethality and sterility in worms ( Table 1) . Homologs of these genes can be found in both free-living and parasitic nematode species ( Figures 1A-1E ), suggesting that these genes play a conserved role through nematode evolution.
Characterization and enzymatic properties of RML-1, GMP-1 and UGP-1 RML-1, UGP-1 and GMP-1 were expressed in E. coli and purified using nickel-affinity resin and then gel filtration ( Figure 2A , lanes 1-3). Although RML-1 and UGP-1 are both annotated as UDPGlc pyrophosphorylases, they showed very different substrate specificities. RML-1 demonstrated a broad substrate range toward five nucleotides (dTTP, UTP, CTP, ATP and GTP) in the presence of Glc-1-P, with higher activity toward dTTP and UTP, and with very low activity toward UTP with Man-1-P ( Figure 2B ). UGP-1 was specifically active toward UTP with Glc-1-P, but displayed very low or no activity toward other nucleotides, with either Glc-1-P or Man-1-P ( Figure 2C ). GMP-1 was specifically active toward GTP in the presence of Glc-1-P or Man-1-P, although it preferred Man-1-P. GMP-1 showed almost no activity toward the other nucleotides ( Figure 2D ). The kinetic parameters of the three enzymes toward different substrates are summarized in Table 2 .
RML-2 is a dTDP-Glc 4,6-dehydratase
We identified RML-2, which belongs to the short-chain dehydrogenase/reductase (SDR) family, as a potential second NAD + , and reaction products were monitored by measuring the absorbance at 320 nm under alkaline conditions [28] . RML-2 was specifically active toward dTDP-Glc, showing little, if any, activity toward UDP-Glc and no activity toward other potential NDP-glucose substrates or toward several NDP-sugars that are abundant in C. elegans (e.g. GDP-Man, UDP-GlcNAc and UDPGal) ( Figure 2E ). The product of the reaction of RML-2 with dTDP-Glc was analyzed by LC-MS, demonstrating conversion of dTDP-Glc (m/z 563) into dTDP-4-keto-6-deoxyglucose (m/z 545) (results not shown). Even when no exogenous NAD + was provided, RML-2 still displayed activity toward dTDP-Glc ( Figure 2E , dTDP-Glc, no NAD + ). A similar result has also been seen for other NDP-Glc 4,6-dehydratases, which have been shown to bind their NAD + cofactors tightly during purification [40, 41] .
Domain analysis of RML-4
RML-4 was identified as a potential fourth enzyme in the rhamnose biosynthetic pathway using BLAST analysis with the NDP-rhamnose biosynthetic genes RHM2 from A. thaliana and RmlB from S. suis. After amino acid sequence alignment, we compared the domains of RML-4, AtRHM2, SsRmlB and RML-2 ( Figure 3A) . RML-4 has two Rossmann folds with the conserved motifs GXXGXXG and YXXXK, one in its N-terminal domain and one in its C-terminal domain. RML-4 shares 28.97 % identity with AtRHM2, in which the N-terminal domain (amino acids 1-370) is an UDP-Glc 4,6-dehydratase and the C-terminal domain (amino acids 371-667) is a bifunctional UDP-4-keto-6-deoxyglucose 3,5-epimerase/4-keto-reductase [17] . The N-terminal domain of RML-4 (amino acids 1-334) shares approximately 28 % identity with SsRmlB and RML-2, which have both been shown to be dTDP-Glc 4,6-dehydratases. It is important to note that the dehydratase activity of AtRHM2 has been shown to require, in addition to the essential residues in the Rossmann fold, two other residues, Asp 96 and G 193 [17] . The glycine and aspartate residues are conserved in AtRHM2, SsRmlB and RML-2. Intriguingly, however, although the glycine residue in RML-4 is conserved, the aspartate residue is replaced by threonine. This substitution potentially indicates that, unlike the AtRHM2 N-terminal domain, SsRmlB or RML-2, RML-4 may have attenuated or no dehydratase activity. To further investigate the possible role of the aspartate residue in AtRHM2, SsRmlB and RML-2, and the effect of replacing with threonine on RML-4 activity, we used Robetta to predict the structure of full-length RML-4 (amino acids 1-631). SsRmlB without substrate bound (PDB code 1OC2) was selected as the template for RML-4 N-terminal domain (amino acids 1-344) modeling and EcRmlD (PDB code 1KBZ) was selected as the template for RML-4 C-terminal domain (amino acids 345-631) modeling. Modeling suggested that the N-terminal domain of RML-4 has very similar secondary and tertiary structural folds to those of the wellcharacterized dehydratases. Structural alignment suggests that the aspartate residue may play a crucial role in stabilizing and/or recognizing the substrate dTDP-Glc or UDP-Glc (Supplementary Figure S1) . Thus, replacing the aspartate residue in AtRHM2, SsRmlB and RML-2 with threonine in RML-4 may disrupt the dehydratase activity of RML-4.
Expression of RML-4
We attempted to express RML-4 with either an N-or C-terminal His, GST or MBP tag, but we were unable to express the enzyme in a stable form. Analysis of rml-4 with the Spell [42] and String [43] databases indicated that the gene is transcriptionally correlated with rml-5 (Y71G12B.6). Sequence analysis suggests that RML-5 is a member of the NAD-dependent epimerase/dehydratase family; however, it lacks the conserved motifs GXXGXXG and YXXXK. As with rml-4, loss of rml-5 gene function results in an embryonic lethal phenotype (Table 1) . We hypothesized that RML-4 and RML-5 might work together. RML-5 could be overexpressed and purified alone, and, furthermore, coexpression of RML-5 with N-terminal His-tagged RML-4 enabled the purification of stable RML-4 as a RML-4-RML-5 complex ( Figures 3B and 3C ).
Enzymatic studies of RML-4-RML-5
Given that the N-terminal domains of RML-4 and RML-5 have homology to dehydratases (but lack catalytically important motifs/residues), we first determined whether they had any dehydratase activity. Comparison of dehydratase activities of RML-2 and RML-4-RML-5 on dTDP-Glc and UDP-Glc showed that RML-4-RML-5 had very low, if any, activity on the two substrates ( Figure 4A ). We did not detect any dehydratase activity of RML-4-RML-5 on other sugar nucleotide (e.g. ADP-Glc, CDP-Glc or GDP-Glc, UDP-Gal, GDP-Man or UDP-GlcNAc). We also did not detect any dehydratase activity for RML-5 alone on various NDP-Glc substrates based on LC-MS analysis (results not shown).
Before testing the potential reductase activity of the RML-4-RML-5 complex, we cloned, expressed and purified a potential third enzyme in the rhamnose biosynthetic pathway, RML-3, a predicted 3,5-epimerase which shares 41.33 % identity with RmlC, a well-characterized dTDP-4-keto-6-deoxyglucose/dTDP-4-dehydrorhamnose 3,5-epimerase (Figure 2A , lane 5, and Supplementary Figure S2) . The reductase activity of the RML-4-RML-5 complex toward dTDP-4-keto-6-deoxyglucose (produced by reaction of RML-2 with dTDP-Glc) was monitored by measuring NAD(P)H consumption. Reductase activity toward dTDP-4-keto-6-deoxyglucose was observed, but only when both RML-4-RML-5 and RML-3 were added to the reaction mixture in the presence of NAD(P)H ( Figure 4B ). Monitoring the reaction by LC-MS indicated conversion of dTDP-Glc (m/z 563) into dTDP-4-keto-6-deoxyglucose (m/z 545) by RML-2, and, subsequently, upon addition of RML-3 and RML-4-RML-5, reduction of the dTDP-4-keto-6-deoxyglucose (to give m/z 547). Similarly, we could also detect consumption of NAD(P)H in the presence of UDP-Glc only when RML-2, RML-3 and RML-4-RML-5 were all present in the reaction mixture ( Figure 4C) . Formation of the product of this reaction was verified using LC-MS by showing some conversion of UDP-Glc (m/z 565) into UDP-4-keto-6-deoxyglucose (m/z 547) by RML-2, and, subsequently, upon addition of RML-3 and RML-4-RML-5, reduction of the UDP-4-keto-6-deoxyglucose (to give m/z 549). These results show that RML-3 may catalyze the 3,5-epimerization reaction and that the RML-4-RML-5 complex functions only on the epimerized product as a 4-keto-reductase. Although UDP-Glc is not a good substrate for RML-2, inclusion of subsequent enzymes in the sequence, RML-3 and RML-4-RML-5, probably pulls the reaction forward, allowing production of the final product (m/z 549).
Characterization of the RML-4-RML-5 reaction products by NMR spectroscopy
The product of the reaction of RML-3 and RML-4-RML-5 with dTDP-4-keto-6-deoxyglucose (generated from the reaction of RML-2 with dTDP-Glc) was purified by HPLC (based on detection of m/z 547 by LC-MS) for analysis using NMR spectroscopy (Supplementary Figure S3A) . Based on 1 Figure S3B) and COSY (Supplementary Figure  S3C ) spectra, the chemical shifts and coupling constants of the product dTDP-sugar corresponded to those reported for dTDPrhamnose [39] . Comparison with the 1 H NMR spectrum of dTDP-Glc (Supplementary Figure S3D) showed the appearance of a doublet at 1.21 p.p.m., indicating the presence of the 6 methyl protons. Coupling constants associated with the H1 proton were J 1 , P 8.70 Hz, indicating that the sugar moiety was the β-anomer. Moreover, the coupling constants J 3 , 4 9.66 Hz and J 4 , 5 9.60 Hz demonstrated the trans configurations of these protons in rhamnose (Supplementary Table S2 ). Thus, the NMR spectra demonstrate that the final product is dTDP-rhamnose when dTDP-4-keto-6-deoxyglucose is incubated with RML-3 and RML-4-RML-5 in the presence of NAD(P)H. Although the reaction was not as efficient, incubation of UDP-Glc with RML-2, RML-3 and RML-4-RML-5 produced UDP-β-L-rhamnose, as determined by the mass, 1 H NMR and COSY spectra (Supplementary Figures S4A-S4D and Supplementary Table S2 ) [39, 44] .
H NMR (Supplementary
dTDP-rhamnose biosynthetic pathway functions in vivo
To investigate whether dTDP/UDP-rhamnose is produced in vivo, we examined the sugar nucleotide pools in bacteria-fed worms and in worms grown in axenic (no bacteria) CeHR medium by LC-MS. Several common sugar nucleotides in worms were detected, including UDP-GlcNAc, which is the most abundant sugar nucleotide in worms [32] , UDP-Glc, UDP-Gal and GDPMan. dTDP-rhamnose (m/z 547) was detected both in bacteria-fed worms and in worms grown in CeHR medium, indicating that the bacteria are not the source of dTDP-rhamnose ( Supplementary  Figures S5-S7 ). UDP-rhamnose was not detected, and thus, it is likely that the biologically relevant biosynthetic pathway produces dTDP-rhamnose, not UDP-rhamnose. LC-MS/MS and LC-MS/MS/MS of the m/z 547 parent ion demonstrated that (A) Sugar nucleotide analysis in rrf-3 worms fed with RNAi strains L4440 (control), rml-2 and rml-3. Ion extractions were conducted for each sugar nucleotide, and peak areas were integrated. Each sugar nucleotide was normalized to the NDP-sugar with the highest peak area, UDP-GlcNAc. Two-tailed unpaired Student's t tests were conducted to determine the statistical significance for differences in the amount of dTDP-rhamnose (dTDP-Rha) (* indicates P 0.05). At least three independent experiments were performed. (B) LC-MS analysis of ascarosides in the culture medium of rrf-3 worms fed with RNAi strains L4440 (negative control), rml-2, rml-3 and daf-22 (positive control). Ascarosides analyzed include asc-C9 (alternative names: C9; ascr#3), asc-C9 (ascr#10), IC-asc-C5 (C5; icas#9), asc-C7 (C7; ascr#1), asc-C6-MK (C6; ascr#2) and Glc-asc-C6-MK (ascr#4).
its fragmentation pattern was consistent with that of dTDPrhamnose (547→321→195) (Supplementary Figures S8 and S9 ) [45] .
To determine whether the dTDP-rhamnose biosynthetic pathway functions in vivo, we knocked down the expression of rml-2 and rml-3 by RNAi. Analysis of sugar nucleotides showed that RNAi against either gene significantly reduced production of dTDP-rhamnose, but not other NDP-sugars ( Figure 5A ). Thus, rml-2 and rml-3 contribute in vivo to the biosynthesis of dTDP-rhamnose. RNAi against rml-2 or rml-3 did not affect the production of the ascarosides, a group of pheromones produced by C. elegans to co-ordinate its development and behavior ( Figure 5B ) [46] . The ascarosides are derivatives of the 3,6-dideoxy-L-sugar ascarylose, which is structurally similar to L-rhamnose but lacks a hydroxy group at the 3-position. Although little is known about the biosynthesis of ascarylose in C. elegans, its biosynthesis in bacteria has been extensively studied and includes enzymes that are weakly homologous with the enzymes in the rhamnose biosynthetic pathway, as well as additional enzymes [47, 48] . Our data show that ascarylose biosynthesis does not require the rhamnose biosynthetic genes rml-2 and rml-3.
Expression patterns of rml-2 and rml-4 in C. elegans
To further investigate the role of rhamnose biosynthesis in C. elegans, we generated the transcriptional reporter strains, prml-2::gfp and prml-4::gfp. The two reporter strains showed very similar GFP expression patterns in embryos (Supplementary Figures S10A and S10B, embryo) . In larval stages and the adult, both reporters showed GFP expression in the hypodermal syncytium, but not in the seam cells of the hypodermis (Supplementary Figures S10A and S10B , L1, L2, L3, L4 and adult).
Previous global expression profiling experiments have shown that the expression of rml-2, rml-3, rml-4 or rml-5 changes during molting and a sleep-like lethargus [49] . In addition, these genes also oscillate during C. elegans larval development [50] , although rml-1 expression only showed moderate changes. To verify that the expression of these rhamnose biosynthetic genes is coupled to the worm molting cycle, we employed a destabilized GFP fused to the PEST sequence that results in rapid protein turnover [51] [52] [53] . In order to monitor changes in rml-2 and rml-4 expression during larval growth, we generated the transcriptional reporters prml-2::gfp-pest and prml-4::gfp-pest. A pulse of GFP-PEST expression was observed in the hypodermal cells during the later part of each larval stage (lL1, lL2, lL3 and lL4), but not in the early part (eL1, eL2, eL3 and eL4) ( Figure 6A ). Quantification of GFP-PEST expression during the post-embryonic molting cycles also revealed an oscillating pattern ( Figure 6B ). All of these results indicate that the rhamnose biosynthetic genes play a role in the molting cycle of C. elegans. The prml-2::gfp-pest and prml-4::gfp-pest reporters were also highly expressed in the embryo ( Figure 7A ) and in the seam cells of L1 larvae immediately after recovery from starvation-induced L1 arrest ( Figure 7B ). To investigate whether the gfp-pest reporters were expressed in the dauer stage, the strains were induced to form dauers. In the prml-4::gfp-pest strain, GFP-PEST was expressed dominantly in the seam cells of pre-dauers ( Figure 7C ), but was not expressed at all in dauers ( Figure 7D ). In the prml-2::gfp-pest strain, GFP-PEST was also expressed in the seam cells of pre-dauers, although the expression level in the seam cells was variable from worm to worm ( Figure 7E, 1-3 ), and no GFP-PEST was expressed at all in dauers ( Figure 7E,  4) . As the seam cells are specialized epidermal cells that are critical for cuticle synthesis and molting [21, 54] , expression of transcriptional reporters for the rhamnose biosynthetic genes in the pre-dauer seam cells may suggest that this biosynthetic pathway is involved in the production of the cuticle and/or surface coat of the dauer stage specifically.
DISCUSSION
In the present study, we uncover a pathway for the biosynthesis of dTDP-rhamnose from dTDP-Glc in C. elegans (Figure 8 ). Our analysis of sugar nucleotide pools in C. elegans demonstrated that worms do biosynthesize dTDP-rhamnose in vivo and that this biosynthesis requires the rhamnose biosynthetic pathway that we have characterized. Our work is the first to characterize a rhamnose biosynthetic pathway in nematodes or other metazoans. Furthermore, we show that the pathway is specific to the biosynthesis of rhamnose and is not relevant to the biosynthesis of the related 3,6-dideoxy-L-sugar, ascarylose, which is a core component of the ascaroside pheromones in nematodes. As humans cannot biosynthesize rhamnose, but bacteria can, the rhamnose biosynthetic pathway has been proposed as a potential target for the development of new antibiotics. Similarly, the rhamnose biosynthetic pathway in nematodes could be a potential target for new anthelmintics. The identified enzymes in the C. elegans pathway, RML-1-5, show very high similarities to their homologs in other nematode species. This conservation suggests an important role for rhamnose in nematodes. Our results show that RML-1 converts Glc-1-P in the presence of dTTP or UTP into dTDP-Glc or UDP-Glc, respectively. The dTDP-Glc is used for the biosynthesis of rhamnose in C. elegans, whereas the UDP-Glc may be used in the biosynthesis of glycogen, glycolipids and/or N-glycans [55] [56] [57] . A translational reporter for RML-1 has been used to show that this protein is expressed in the intestine, body wall muscle and hypodermis during larval development, and in the intestine and body wall muscle in the adult worm [58] . Expression of RML-1 in the hypodermis is consistent with our reporter gene data for RML-2 and RML-4, suggesting that rhamnose biosynthesis occurs in the hypodermis. Expression in the muscles is consistent with a role for RML-1 in glycogen biosynthesis. In addition to RML-1, we characterized two other pyrophosphorylases, GMP-1 and UGP-1, and showed that they act as a GDP-Man pyrophosphorylase and an UDP-Glc pyrophosphorylase, respectively. GDP-Man pyrophosphorylase is thought to be involved in the first step of the GDP-fucose (GDP-Fuc) biosynthetic pathway in C. elegans, which catalyzes the conjugation of Man-1-P to GMP from GTP. GDP-Man is further transformed by GMD-1 or GMD-2 and GER-1 to form GDP-Fuc, which is used in the biosynthesis of a fucosylated glycolipid that acts as a toxin receptor [59] . Unlike RML-1, the UDP-Glc pyrophosphorylase UGP-1 was previously reported to be strongly up-regulated when worms are exposed to desiccation conditions [60] . UGP-1 was proposed to function in the biosynthesis of trehalose, one component of the maradolipids in the cuticle, which protect worms from harsh environments [61] .
The second step in the rhamnose biosynthetic pathway is catalyzed by RML-2, a dTDP-Glc 4,6-dehydratase that converts dTDP-Glc into dTDP-4-keto-6-deoxyglucose. As with other enzymes of the SDR family, such as the dTDP-Glc 4,6-dehydratase RmlB from E. coli, RML-2 has the conserved motifs GXXGXXG for NAD + cofactor binding and YXXXK for catalysis. Our results show that even if no exogenous NAD + is provided, RML-2 still has considerable activity, probably due to the NAD + cofactor remaining tightly bound during the purification process. The mechanism of C-6 deoxygenation seen in other NDP-Glc 4,6-dehydratases suggests regeneration of NAD + during the reaction cycle of RML-2 [40, 62] . The third step in the C. elegans rhamnose biosynthetic pathway is catalyzed by RML-3, which we show catalyzes the 3,5-epimerization of dTDP-4-keto-6-deoxyglucose. The last step in the pathway, reduction of the 4-keto group, is catalyzed by RML-4, which could only be co-expressed and purified with RML-5. Although RML-4 has a very similar domain structure to the bifunctional plant enzyme RHM2 ( Figure 3A) , comparison of the modeled structure of RML-4 with the structure of RmlB suggests that the N-terminal domain of RML-4 is unlikely to have dehydratase activity. In comparison with RmlB, an essential residue in RML-4 has been substituted (aspartate to threonine) that is possibly important for NDP-Glc binding. Indeed, we were not able to detect any significant dehydratase activity for RML-4.
Our data suggest that rhamnose biosynthesis is involved in embryogenesis and in hypodermal development during the postembryonic molting cycles of C. elegans. C. elegans molts at the end of each larval stage (L1-L4) and must generate a new cuticle with each molt. Expression of rml-2 and rml-4 transcriptional reporters in the hypodermis oscillates with the molting cycle, peaking before each larval molt. It is possible that dTDP-rhamnose in worms is incorporated into glycoproteins or glycolipids during cuticle and/or surface coat synthesis. A previous study claimed that a glycoprotein extracted from the surface of the parasitic nematode A. galli contains a rhamnose moiety [23] . Expression of rml-2 and rml-4 transcriptional reporters in pre-dauers occurred specifically in the hypodermal seam cells, which are crucial for cuticle production and molting. Thus, rhamnose biosynthesis may be particularly important for the formation of the dauer cuticle and/or surface coat. Phenotypic analysis of genes involved in rhamnose biosynthesis indicates that knockdown of rml-1, rml-4 and rml-5 (but not rml-2 and rml-3) causes lethality of the embryo. This result may indicate that rml-2 and rml-3 work redundantly with other genes in rhamnose biosynthesis, or that rml-1, rml-4 and rml-5 play an essential role unrelated to rhamnose biosynthesis. The discovery of a rhamnose biosynthetic pathway should enable further discoveries in the role of rhamnose in nematode embryonic/larval development and could possibly facilitate the development of new types of anthelmintics by targeting RML-1, RML-4 or RML-5.
Note added in proof:
F53B1.4/rml-2 is the same as the uncloned gene bus-5 (Jonathan Hodgkin, personal communication). bus-5 is required for colonization by Microbacterium nematophilum, fully normal cuticle antigens, cuticle integrity, and long-term survival during starvation [70] .
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